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We report the first direct measurement of transport properties of surface states in the topological
insulator Bij 9;Sby g9 (111) from the weak-field Hall effect and Shubnikov—de Haas oscillations. We find
that the holelike surface band displays an unexpectedly high mobility 23 000-85 000 cm?/V s, which is
the highest mobility so far reported in bismuth-based topological insulators. This result provides the first
quantitative assessment of the effect of alloy disorder on the mobility of surface states in topological
insulators. We show that the 9% alloy disorder decreases the mobility of surface states by a factor of less

than 2.3.
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Topological insulators (TIs) are a newly discovered
state of matter characterized by a nontrivial topological
quantum number, which gives rise to an odd number of
surface bands crossing the Fermi level between two time-
reversal invariant momenta [ 1-5]. Unlike ordinary states of
matter, these two-dimensional surface states are highly
protected from disorder as a consequence of their chiral
spin texture. The alloy Bi;_,Sb, is the first discovered
three-dimensional TI with five Fermi-level-crossed surface
bands [6-9]. Later, the stoichiometric crystal Bi,X3
(X = Se and Te) was found to be a TT with a single Dirac
cone [10-12]. It has been widely assumed that the surface
transport mobility of Bi, Xj is, in principle, higher than that
of Bi;_,Sb,, because the stoichiometric compounds usu-
ally have less disorder than an alloy like Bi;_,Sb, [13].
However, the degree of mobility reduction due to random
alloying has not yet been determined. Indeed, it is unclear
whether the contribution of alloying perturbations to
mobility reduction is greater than or less than the impact
of scattering from charged defects [14,15]. Resolving this
issue is therefore critical for both understanding the fun-
damental properties of surface states and also for optimiz-
ing the crystal growth method to use these states for
spintronic devices and quantum computing applications.

Here, we report the first direct measurement of transport
properties of surface states on the (111) surface of
Bij 91 Sby g9 via the weak-field Hall effect and Shubnikov—
de Haas oscillations. We show that the mobility of the
surface hole band can exceed 80000 cm?/V's, which is
the highest mobility so far reported in three-dimensional
TIs. We attribute this high mobility primarily to the reduc-
tion of the bulk charge density (6.8 X 10'® cm™?), which is
18 times lower than the value of nonmetallic Bi,Te;. Our
results demonstrate that the 9% alloy disorder reduces the
electrical mobility of surface states by less than a factor of
2.3. We discuss other scattering mechanisms that might be
of relevance in this material system.

A limitation of the TI Bi,Xj is the aging effect, or the
time-dependent reconstruction of surface structures [16].
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In contrast, the surface electronic states in Bi;_,Sb, are
naturally insensitive to the structural variation, owing to
the fact that its surface band structure is robust against a
wide range of Sb substitution (0.07 < x < 0.18) [17,18].
The surface states in the Bi-Sb system are hence expected
to be immune to the time-dependent change of surface
morphology. This feature suggests that the surface trans-
port is more stable and controllable in the Bi-Sb alloy than
in other bismuth-based TIs.

Previous transport and magnetic-optical measurements
show that probing the surface conduction on the (111)
surface of Bi;_,Sb, is very difficult, because of not only
the complicated surface band structure, but also the pres-
ence of surface states on other crystal planes [19-21]. For
example, low-field magnetotransport measurements have
only found an electron Fermi pocket on the (21 1) surface
of Bi;_,Sb,, but cannot identify electronic states on the
(111) surface [19]. The existence of locally flat minisurfa-
ces was believed to produce the (21 1) surface conduction
in these measurements.

To avoid current-carrying surface conduction on other
crystal planes, single crystals Bi;_,Sb, studied here were
grown by the modified Bridgman method [22] and the
samples were cleaved along the trigonal (111) plane with-
out forming micrometer scale terraces. Figure 1(a) shows
the Fermi surface map of Biyg;Sbg oo (111) in the surface
Brillouin zone, which consists of a Dirac surface band
enclosing the I' point, six hole pockets in between I’
and M, and six electron pockets near the M point.
Spin-sensitive angle-resolved photoemission spectroscopy
(ARPES) measurements have demonstrated that the Dirac
band and the hole pocket form a Kramers pair by spin-orbit
interaction [Fig. 1(b)] [9]. In particular, if we can tune the
Fermi level close to the bulk valence band, the holelike
surface band may dominate surface conduction, making it
more accessible in transport experiments than the other
two electron bands.

In this study, we use Big 91 Sbg g9 crystals with the Fermi
level inside the bulk band gap. As shown in Fig. 1(c), the
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FIG. 1 (color online). (a) Sketch of the (111) surface Brillouin
zone with a hexagonal electron pocket around I', six tear-shaped
hole pockets along the T-M direction, and six bowtie-shaped
electron pockets around M. The I', M, and K are high symmetry
points. (b) Surface band structure along the I'-M direction
mapped by ARPES experiments in Bigg;Sbgge (111) (traced
from [8,9]). The spin direction of each band is marked by the
arrows. (c¢) The resistivity p,, vs temperature 7 for samples
S1-S6 between 4 and 200 K. The left panel of the insets shows
the Arrhenius plot of Inp,, vs 1/T for the n-type sample S3 and
p-type sample S6. The right panel shows the Hall coefficient Ry
vs T for representative n- and p-type samples.

resistivity p,, in samples S1-S6 steeply increases by
almost 2 orders of magnitude when the temperature 7 is
lowered from 200 to 4 K. As determined from the sign of
the Hall resistivity p,,, samples S1-S5 are n-type, whereas
sample S6 is p-type. The Arrhenius plot of p,, in samples
S1 and S6 indicates a thermal activation behavior with an
activation gap A = 12 and 11 meV, respectively. Moreover,
the Hall coefficient Ry in the n- and p-type samples
exhibits similar magnitudes [Fig. 1(c), right panel of the
insets], indicating that the electron bulk conduction and
hole bulk conduction are comparable and compensated.
In the n-type samples, we observe a pronounced weak-
field Hall anomaly. As shown in Figs. 2(a)-2(e), the mea-
sured Hall conductivity o, (red dots) is plotted for five
different samples, S1-S5, in which the applied magnetic
field H changes o, from holelike to electronlike at H <
1 T. This dispersive anomaly dominates the low-H Hall
conduction in accordance with a high mobility band that is
p-type. The amplitude of the Hall anomaly rapidly
decreases as T is increased from 0.3 to 21 K [inset of
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FIG. 2 (color online). (a)—~(d) The Hall conductivity o, vs H
for samples S5, $3, §4, and S1 (red circles). The solid line is the
fit to oy, in Eq. (1). Arrows indicate the peak field B,,, which is
related to the mobility by u,, = 1 /B »- (€) The conductivity o,
measured with H at 0.3 K for sample S1 (red circles). The solid
curve is the calculated o, from Eq. (1) with a bulk mobility
wp, = 13000 cm?/V's. (f) The holelike surface Hall conductiv-
ity o3 vs H, obtained by subtracting the bulk term o?, and
electronlike surface Hall conductivity o3} at T = 0.3 K for
sample S1. The solid curve is the fit to Eq. (2).

Fig. 3(a) and see Ref. [23] for details]. This effect is similar
to what has been found in the TI Bi,Te;, where a much
smaller n-type Hall anomaly was observed in a p-type
crystal and was confirmed to originate from surface states
[12]. We may rule out the possibility that the low-H hole-
like conduction arises from the bulk band. If we interpreted
the observed o,,(B) as the sum of two bulk conductivity
with the opposite sign, the carrier density of each band
would be =105 cm™3. Then we would have a bulk resis-
tivity, e.g., in sample S5, p,, = 42 m{) cm, which is more
than 10 times higher than the observed resistivity. The
observation of a low-H Hall anomaly therefore indicates
the existence of a p-type channel that is most likely coming
from the surface.

We next fit the observed Hall conductivity as the sum of
three conductivity tensors

— b sp Sn
O',J—O'U-i-au +O'U, (1)

where o, is the bulk conductivity, o7}/ the p-type surface
conductivity, and o} the n-type surface conductivity. With
o, =Gy /1 (t is the sample thickness), G, corresponds to
the surface Hall conductance given by
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FIG. 3 (color online). (a) The trace of the Hall resistivity p,
vs H in sample S1 measured at temperature 7 between 0.3 and
30 K. The inset shows that the amplitude of the weak-field Hall
anomaly decreases rapidly as T is raised from 0.3 to 21 K.
(b) ARy, vs 1/H obtained by subtracting a smooth background
at selected T in sample S3. (c) The resistivity derivative
dp../dH vs 1/H| with H; = H cosf at selected tilt angles 0
in sample S3. (d) The Hall resistivity derivative dpyx/dH Vs
1/H at various 6 in sample S1.

W

27re BI?
h* [1+ (u,B)?]

chy = &i (2)

where g; is the degeneracy of the surface band i (g; = 6
for the holelike band), / the mean free path, 4 Planck’s
constant, e the electron charge, and u, the surface Hall
mobility, which is related to the metallicity parameter k[
as u, = el/hkp. We can achieve a very close fit to the

TABLE 1.

when a smooth background is subtracted [Fig. 3(b)]. As
T is raised from 0.3 to 21 K, the oscillation amplitudes
decrease quickly, accompanied by the decrease of the Hall
anomaly [inset of Fig. 3(a)]. Figures 3(c) and 3(d) plot the
derivative dp,./dH and dp,,/dH vs the perpendicular
field component H, = H cosf along the trigonal axis
[111] (6@ is the tilting field relative to the trigonal axis),
for samples $3 and S1, respectively. For both samples, the
most pronounced dip (marked by dashed lines) depends
only on H |, and they are absent for 55° = 6 = 90°. This
distinctive behavior is a direct evidence of the surface
origin of the high-H quantum oscillations.

Figure 4(a) shows the traces of p,.(H) and p,(H) vs H
for sample $3 at 0.3 K. We find that the quantum oscil-
lations are more prominent in p,.(H) than in p, (H)
(see Ref. [23] for detailed discussion). To extract the period
of the oscillations, we plot the Landau fan diagram using
the extrema of dp,,/dH and dp,,/dH [Fig. 4(b)] for
sample S3 in Fig. 4(c). It can be seen that all the data lie

Parameters in samples S1, S2, $3, S4, and S5. The dimension of the sample

L X W X t (length, width, thickness) is in units of um. The uncertainties in measuring ¢ is
approximately =10%. w,, and n,, correspond to the Hall mobility and lower bound of the
carrier density of the holelike surface state, respectively (see Ref. [23] for details). Sg, kr, and
kpl are the lower bound of Fermi surface cross section, average wave vector, and metallicity
parameter of the p-type surface state, respectively. All these values are obtained from fitting

measured o, (H) and o, (H) to Eq. (1).

Units:  LXWXtpum®* p,, m?/Vs p 102 em™2 S T ke (A™Y kgl
S1 825 X 170 X 30 6.0 5.30 183 0.024 220
52 350 X 170 X 20 8.0 1.80 6.21 0.013 95
S3 880 X 390 X 40 23 10.8 37.3 0.034 162
S4 600 X 300 X 30 8.0 1.48 5.10 0.012 75
S5 840 X 270 X 50 8.5 6.28 21.7 0.026 368
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FIG. 4 (color online). (a) p,, and p,, vs H in sample S3 at
0.3 K. (b) The high-field quantum oscillations in the plot of
dp,./dH and dp,./dH vs 1/H. Black and red dashed lines
correspond to the minima and maxima of dp,,/dH, which are
phase shifted by 77/2 from the extrema of dp,,/dH. (c) The
Landau level index plot using the extrema of dp,,/dH and
dpy./dH. The minima of dp,,/dH identify the fields corre-
sponding to the filling factor », while the minima of dp,,/dH
correspond to ¥ — % [23]. (d) The normalized Hall conductivity
amplitude Ao, (H)/Ac,,(0) vs T at 0.3 K with 15 T. The fit to
the Lifshitz-Kosevich expression gives m,,. = 0.35m,. The
inset shows the spin texture with arrows pointing to the spin
direction, as revealed by ARPES measurements.

on a straight line that intersects the v axis at 0.15, suggest-
ing a conventional Schrodinger spectrum. The slope of the
extrapolated straight line gives Sy = 36.0 T, with an
average Fermi wave vector k = 0.033 A~!. These values
are in good agreement with the parameters of the p-type
surface state estimated from the Hall anomaly analysis
(Table I and Sec. S3 in Ref. [23]).

By fitting the T dependence of the Hall conductivity
amplitudes to the standard Lifshitz-Kosevich expression
[Fig. 4(d)], we get the cyclotron mass mg,. = 0.35m, in
sample S3 (m, is the free electron mass). With kp =
0.033 A™!, the average Fermi velocity (vy = hky/ Meyc)
is found to be 1.1 X 10° m/s. This number is closer to the
ARPES observed average value of 2.5 X 10> m/s for the
hole surface band (v ~ 0.76 and 4.3 X 10° m/s along
the k, and k, directions, respectively) than 3.7 and 4.9 X

10° m/s for the electron surface bands surrounding the T’
and M points, respectively [8]. This fact, together with
the Hall anomaly analysis, makes us conclude that the
observed quantum oscillations are coming from the
p-type surface state.

Interestingly, despite the strong alloying, the magnitude
of surface mobility in the best Bijg;Sbyge sample is
8 times higher than that of stoichiometric crystal Bi,Tes
(10000 cm? /V's) [12,25]. At low temperatures, the final
transport mobility is determined by the scattering from

disorder, which includes structural disorder and charge
disorder. The charge disorder has been identified as the
primary source of bulk carrier doping in bismuth-based
bulk TIs [26,27]. We hence attribute the increase of u, in
Bij 91 Sbg,g9 to the significant reduction of scattering from
the charge disorder. In fact, the bulk carrier concentration
of Bigg;Sbgge is 18 times smaller than that of Bi,Tes
(1 X 10" cm™3). If there were no alloy disorder and inter-
band scattering in Big 9;Sbg o9 [inset of Fig. 4(d)], the w, of
Bi.9;Sbg g9 wWould get to 1.8 X 105 cm?/V s as compared
to Bi,Tes. The observation of 8 times enhancement in
indicates that the upper bound on the reduction of mobility
due to alloy disorder is less than 43%. This phenomenon is
consistent with the unique characteristic of surface states in
a TI, in which backscattering caused by atomic scale
disorder is absent between states of opposite spin [28].
Furthermore, although the holelike bands are irrelevant to
the topological quantum number, they are still indirectly
protected against surface defects by interband scattering,
i.e., the scattering between the Dirac band that carries
a nonzero Berry’s phase and surface hole bands [29]. In
contrast, the spin-polarized surface states in pure Bi (111),
however, do not support a nonzero Berry’s phase because
the time-reversal invariant momenta are enclosed an even
number of times [6]. These nontopological surface states
can still be localized by scattering from surface defects.

In conclusion, we have obtained the first time experi-
mental measurement of the transport properties of surface
states in Big 9;Sbg g9 (111) from the weak-field Hall anom-
aly and Shubnikov—de Haas oscillations. We show that
the surface band exhibits a surprisingly high mobility
23000-85000 cm?/V s despite a high level of alloy dis-
order. This result provides the first quantitative analysis of
the degree of mobility reduction due to random alloying in
a TI. Given the fact that Bi-Sb system is more stable than
Bi, X3 compounds, these spin-polarized surface states are
potentially more useful for realizing spin-based devices
that rely on high electrical mobility.
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